I. INTRODUCTION
Collisions between fast ions and slow neutral atoms in many low temperature plasmas are primarily elastic and typically classified as (a) momentum-exchange (MEX) collisions in which only momentum is exchanged between the ionneutral pairs and (b) charge-exchange (CEX) collisions in which an electron is also exchanged.
1 These collisions are important for understanding the performance and behavior of many plasma devices (e.g., electric propulsion 2 and plasma processing 3 devices) and neutral beam sources (e.g., for material surface analysis 4 and particle heating in nuclear fusion 5 ). For example, neutral atoms with densities on the order of 10 17 m À3 are typical downstream of ion thrusters from unionized gas leaving the thruster and neutralizer hollow cathode and from background gas in the vacuum chamber (significant only in laboratory experiments). These neutral atoms may interact with fast ions in the thruster plume to generate slow CEX ions that lead to erosion of ion thruster grids. [6] [7] [8] Additionally, CEX ions from ion and Hall-effect thrusters may contribute to undesirable levels of sputtering/erosion, charging, and heating of spacecraft surfaces (e.g., solar arrays). 6, 9 Previous investigations into collisions between xenon ions and neutrals have measured [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] or calculated [22] [23] [24] [25] [26] the CEX integral cross-sections r CEX for a range of ion incident energies from 0.01 to 4000 eV; for xenon resonant charge-exchange collisions at high energy (i.e., above a few hundred eV), many plasma models set r MEX to be equal to r CEX . 2, 27, 28 However, little work has been done on MEX or CEX angle-resolved differential cross-sections, which often require more sophisticated equipment and calculations. Differential cross-sections from experiment 29, 30 and theory [27] [28] [29] 31, 32 are concentrated at ion incident energies below 340 eV. As discussed in Sec. II, there exist a lack of data for MEX and CEX differential crosssections at higher ion energies (i.e., between 1 and 2 keV) important for ion thruster and spacecraft integration modeling, including with COLISEUM/TURF/SM-MURF, [33] [34] [35] [36] CEX2D/ CEX3D, 7, 37, 38 EPIC, 39 and other computational toolsets. 32, 40, 41 The objective of this effort is to determine the proper means to treat the collisional and scattering mechanism for CEX and MEX dominant in plasmas devices and neutral beam sources. To investigate these phenomena, we developed a well-defined experiment and supporting analytical and computational efforts to examine MEX and CEX collisions between xenon ions and neutrals at high incident energy, relevant for applications such as ion thrusters. For this effort, a 1500 eV Xe þ beam was directed to a collision cell pressurized with xenon neutrals, and scattered particles were monitored using current collected on the boundaries of the cell. The simple collision cell geometry and full disclosure of experimental details, along with the examination of these results via both simple analytical and more complex computational treatments, allow for the data presented herein to serve as a canonical resource for future validation of collision models. Additionally, from the comparison, expressions for the MEX and CEX differential cross-sections for Xe þ -Xe at 1500 eV may be determined, and the importance of other heavy species interactions (including neutral-neutral ionization and ioninduced electron emission, IIEE) may be examined.
Section II of this paper reviews previous efforts to investigate the differential cross-sections of xenon particles a) Electronic mail: mipatino@ucla.edu experiencing MEX and CEX collisions. Section III introduces the experimental facility to measure ion-neutral collisions in a simple well-characterized domain and presents results for a wide range of neutral pressures. Semi-analytical and computational models of Xe þ -Xe collisions developed by the authors and collaborators are described in Sec. IV and compared to experimental measurements to better inform collision theory. The paper concludes with a summary of the experimental and modeling efforts in Sec. V.
II. Xe
1 -Xe COLLISION DYNAMICS
In scattering collisions, the differential cross-section dr dX provides information on the probability of the incoming projectile scattering within a small solid angle d X about h measured with respect to the initial projectile direction [see the inset in Fig. 1(b) ]. Therefore, the differential cross-section provides details of the collision dynamics not readily obtainable from the integral cross-section r. Since the interaction between a particle pair is sensitive to (i) the electronic and nuclear structure of each particle, (ii) the interparticle separation, and (iii) the duration of the interaction, the differential cross-section may vary significantly between different ion and neutral species and for different incident energies. Yet, little previous work has been done on MEX or CEX angle-resolved differential cross-sections for xenon ionneutral collisions. This contrasts with the integral crosssections, which have been extensively investigated experimentally and theoretically for xenon and other rare gas ionneutral pairs. Chiu et al. 29 measured the differential cross-sections for MEX and CEX collisions between Xe þ -Xe at 5 to 20 eV (and between Xe 2þ -Xe at 10-40 eV) in a guided ion beam experiment, whereby a pulsed xenon ion beam was directed to a collision cell filled with a background of xenon neutrals. The unscattered and scattered ions traveled through an octopole before reaching a detector. 29, [42] [43] [44] [45] The time of flight data provided information on the velocity of the collision products and thus on scattering angles and differential crosssections. Jones et al. 30 utilized an energy analyzer with a small collection angle and varied its angular position to measure the scattering angle of ions experiencing MEX collisions in a collision cell (the energy analyzer ensured that only MEX ions were detected). Measurements were made of differential cross-sections for Xe þ -Xe at 20-340 eV but only for scattering angles between 1 and 15 . Similarly, Morris 46 measured the scattering angle of CEX neutrals on a position sensitive detector just downstream of a collision cell and thus obtained the scattering angle and differential crosssection for CEX ions from conservation of energy and momentum. An incident ion energy of 1100 eV was used, which is characteristic of the energies in the plume of an ion thruster, yet measurements were only made for scattering of CEX ions between 86.4 and 90 . Chiu et al. 29 also calculated the MEX and CEX differential cross-sections at 5-30 and 270 eV, using the Xe þ -Xe interaction potential derived by Paidarova and Gadea 47 [see Fig. 1(a) ]. From the interaction potential, the center of mass deflection function v may be calculated as
where b is the impact parameter, r is the interparticle separation, R m is the distance of closest approach (calculated by finding the largest root of 1 À b 2 =r 2 À VðrÞ=E r ), V r ð Þ is the sum of the four spin-orbit free potentials, E r ¼ is the pair reduced mass, and v r is the relative velocity of the collision pair. The differential cross-sections in the lab frame can then be calculated from
To reduce computational time in plasma simulations, Scharfe et al. 31 developed a logarithmic curve fit of the MEX and CEX differential cross-sections for 300 eV Xe þ -Xe 10 The values for the coefficients in Eq. (3) (at 300 eV) were corrected by Giuliano and Boyd. 48 Additionally, Giuliano and Boyd extended the expressions for differential cross-sections to 1500 eV in collaboration with the experimental work presented herein. Coefficients for Eq. (3) at 300 and 1500 eV are reproduced in Table I .
The differential cross-sections for MEX and CEX ions produced in 1500 eV Xe þ -Xe collisions are plotted in Fig.  1(b) . Also shown are the MEX þ CEX differential crosssections calculated by Araki and Wirz 49 using the Xe þ -Xe spin-orbit free interaction potential shown in Fig. 1(a) . As can be seen from Fig. 1(b) , the differential cross-sections derived from the interaction potential, which capture the physics of the collision, match well with the differential cross-sections given by Eq. (3), which are derived from the experimental data presented in this paper.
The probability that an ion will be scattered below a given angle h in an MEX and CEX collision is given by
and shown in Fig. 2 as a dashed curve. From Fig. 2 , ions experiencing MEX collisions have a large probability of small angle scattering, while the opposite is true for CEX ions. In fact, the average scattering angles are 2.3 for an MEX ion and 88.1 for a CEX ion. Since there is a strong bias towards very small and very large angle scattering, it would be incorrect to assume an arbitrary scattering distribution, such as an isotropic distribution (especially for MEX ions). Therefore, to accurately include ion-neutral collisions in plasma models such as DC-ION 50 for ion thrusters and HPHall 51 for Hall thrusters, the differential cross-sections must be measured or calculated under conditions of interest (e.g., for particular particle species and incident energy). Katz et al., 28 Boyd and Dressler, 27 and Mikellides et al. 32 used the interaction potential to calculate the differential cross-sections at 300 eV in Hall thruster simulations. To analyze ion-neutral collisions at ion-thrusterrelevant conditions, we developed a Test Cell to measure MEX and CEX collisions between 1500 eV xenon ions and neutrals. Analytical and computational models were coupled with experiment to inform theory [i.e., to extend Eq. (3) of the differential cross-sections to 1500 eV]. Additionally, the precision measurements from the simple, well-characterized experiment serve as canonical data by which plasma models may be validated.
III. EXPERIMENTAL EFFORT
Ion-neutral MEX and CEX collisions are investigated in a simple, well-characterized experiment in which a monoenergetic ion beam is attenuated through a collision cell (i.e., Test Cell) filled with a neutral target gas. The ion beam current entering the Test Cell is approximately 7 nA, such that 2 Â 10 5 ions are in the experiment at a given time. Ionization from ion-neutral collisions is less than 10
À5
% such that Coulomb collisions may be ignored (especially in the single collision regime). 49, 52 Additionally, the electric potential due to beam ions is less than 0.01 V such that space-charge effects are negligible. 53, 54 A. Experimental setup and approach
The experiment is conducted in an ion beam facility located at the Jet Propulsion Laboratory and comprised of three chambers: the Source, Filter, and Test Chambers (see Fig. 3 ). Xenon ions are created in the Source Chamber by a filamentcathode plasma source and extracted and accelerated by a set of grids. The energy of the beam ions is set by the source grid to 1500 eV (i.e., typical energy range in the plume of ion thrusters). The pressurized Test Cell is located in the Test Chamber.
The three chambers are separated by plates with 3.2 mm diameter apertures and are at an angle of 5 with respect to each other. This minimizes the amount of neutrals from the Source Chamber that reach the Test Chamber, and thus keeps the pressures in the Filter and Test Chambers at 1-5 Â 10
À8 Torr in the Source Chamber. Electrostatic Einzel lenses and sets of vertical and horizontal deflection plates located in the Source and Filter Chambers are used to focus and steer, respectively, the beam ions through the apertures. Current collecting flags and vertical and horizontal scanning wires measure total beam current and current density, respectively, and assist in setting the lenses and deflection plates.
The Test Cell is designed to provide a simple computational domain consisting of cylindrical electrodes (i.e., the Inner Cylinders, IC) and end plate electrodes [i.e., the Exit Plate (EP) and Front Plate (FP), see Fig. 4 ]. The ion beam enters the Test Cell and is collimated by the Front Aperture, Collimator Plate, and Front Plate. When the Test Cell is not pressurized, beam ions predominantly traverse the length of the Test Cell, exit the Test Cell through the Exit Orifice (EO), and are collected on the Back Aperture or Collector Plate electrodes. When the Test Cell is pressurized with neutral gas, the beam ions may experience MEX and CEX collisions with slow neutral atoms and scatter to the walls of the Test Cell (i.e., the Exit Plate, Inner Cylinders, and Front Plate). To examine heavy species interactions, the ion beam is held at constant conditions, while the neutral pressure inside the Test Cell is incrementally increased from a base pressure of about 7.0 Â 10 À3 mTorr to several mTorr. A variable leak valve is used to leak in 99.999% pure Xe into the Test Cell, while a 1-Torr head Baratron gauge is used to measure Test Cell pressure. Beam ions that do not experience a collision or are scattered at very small angles still reach the Back Aperture and Collector Plate.
As shown in Fig. 4 and Table II , Test Cell dimensions and materials are well-defined, a requirement for model validation. 55 All electrodes are insulated from each other and from the Test Cell housing (which is electrically grounded) with Ultem or Teflon spacers. Materials with low ioninduced electron emission (IIEE) were used for surfaces that collect energetic ions and neutrals. Poco graphite and graphite were used for the Front Aperture, Back Aperture, and Collector Plate since the IIEE yield for 1.5 keV Xe þ impacting graphite is low (i.e., $0.1). 56 Similarly, gold was used for the Exit Plate and the collimator plate since the IIEE yield for 1.5 keV Xe þ on gold is 0.004. 57, 58 Nickel and nickel-coated stainless steel were used for the Front Plate and Inner Cylinders, respectively, since both the ion-induced and electron-induced yields are low [i.e., the ion-induced yield for 1.5 keV Xe þ on nickel is 0.05 (Ref. 59 ) and the electron-induced yield for 50 eV electrons on nickel is 0.23-0.47 (Ref. 60) ]. As will be discussed in Secs. III B and IV, experimental data show that the electron emission from the Test Cell electrodes may still be non-negligible.
Significant electron current was measured on the Test Cell walls at high Test Cell pressures, as will be shown in Sec. III B. The electrons are likely created in ionization collisions between fast and slow neutrals, and by electron emission from the wall materials. Helmholtz coils were installed around the Test Cell to generate an axial magnetic field and to prevent electrons generated near the centerline from reaching the Inner Cylinders and vice versa. The coils were operated at 26 G to confine 2 eV electrons to a 2 mm gyroradius (or approximately 1/10 th of the Test Cell radius), without confining the fast 1500 eV beam or MEX ions or slow $0.04 eV CEX ions. Additionally, an electric field was applied to change the transport of low energy species and hence to distinguish MEX and CEX ions collected on the Test Cell electrodes (results of which are presented in the Appendix). Voltages of 0 to þ/À100 V were individually applied to the Inner Cylinders, Exit Plate, and Front Plate, while all other electrodes were grounded. Keithley 236, 237, and 2400 source meters were used to apply voltage and read current from all Test Cell electrodes, along with Keithley 485 picometers and a Keithley 7001 switch system. Measurement error was less than 0.1%.
B. Experimental results
Currents measured on the Front Plate, Inner Cylinders, and Exit Plate are plotted in Fig. 5 at a range of Test Cell pressures that includes the single collision regime (i.e., below 0.4 mTorr where Kn > 1) and the multi-collision regime where other more complex collisions are significant. Also plotted is the current through the Exit Orifice, which is the sum of the currents measured on the Back Aperture and Collector Plate. All currents are normalized by the sum entering the Test Cell [i.e., for given electrode j; I j ¼ I j = ðI FP þ I IC þ I EP þ I EO Þ] to account for any drifts in ion beam input conditions (e.g., changes in the filament cathode or in the xenon feed rate into the ion source). Measurements without an magnetic field and with an axial magnetic field of 26 G are presented. Note that no magnetic field was previously considered in Ref. 61 . Figure 5 shows the expected exponential decrease in current passing through the Exit Orifice as the Test Cell pressure and neutral density increase, which is due to the increasing number of ions undergoing collisions with background neutrals. Assuming ion beam attenuation along the length L of the Test Cell, the cross-section r tot for collisions that scatter ions at large angles can be determined from the Exit Orifice current I EO
Àn n r tot L ;
where I beam;0 is the ion beam current at the entrance of the Test Cell, n n is the neutral gas density, and r tot is the integral cross-section for Xe þ -Xe collisions. For 1500 eV Xe þ -Xe, MEX and CEX collisions are dominant. However, as was discussed in Sec. II, the majority of ions experiencing MEX collisions are scattered at very small angle to the Exit Orifice. Hence, r tot can be assumed to be equal to r CEX . From Fig. 5 , there is excellent agreement between Eq. (5) with r tot ¼ r CEX ¼ 44.1 Å 2 (labeled as "Theor.") and current measured through the Exit Orifice. Results are independent of the magnetic field since fast beam and MEX ions are unaffected by the magnetic field. Figure 5 shows corresponding increases in current to the Exit Plate, Inner Cylinders, and Front Plate from the increasing number of ions that are scattered from the beam centerline in the single collision regime and when no magnetic field is applied. At the very high pressures where multiple collisions are occurring, it is expected that few ions will reach the Exit Plate since nearly all beam ions undergo collisions (i.e., I EO < 3% at 2.4 mTorr), and since MEX and CEX collisions occur near the upstream end of the Test Cell away from the Exit Plate. Ions are instead expected to collect on the Inner Cylinders. However, from Fig. 5 , the current to the Exit Plate continuously increases and is significant at a pressure corresponding to six times the ion mean free path when no magnetic field is applied. That is, 20% of the current entering the Test Cell is collected on the Exit Plate at 2.4 mTorr where an ion will experience on average six collisions.
The continual increase in current measured on the Exit Plate is almost certainly not from beam ions, MEX ions, or CEX ions, but instead is likely due to ionization collisions in the bulk, and particle-induced electron emission (PIEE) from the walls. Fast 1500 eV neutrals created in CEX collisions may experience ionization collisions with slow background neutrals to produce forward scattered ions and isotropically scattered electrons (i.e., $Xe þ Xe ! $Xe þ þ Xe þ e).
62,63
Additionally, while PIEE from the gold Exit Plate was expected to be negligible, the Exit Plate may emit electrons when bombarded with fast heavy particles (i.e., beam ions, MEX ions, or CEX neutrals); these emitted electrons are expected to collect on the Inner Cylinders. Both events lead to positive current on the Exit Plate and negative current to the Inner Cylinders without an applied magnetic field. Neutralneutral ionization and electron emission were explored in the analytical and computational models described below. When a magnetic field is applied, ions may still be scattered towards the Exit Plate in MEX, CEX, or ionization collisions since ions are unmagnetized at 26 G. Similarly, the number of electrons emitted from the Exit Plate is independent of the axial magnetic field since electrons may stream along magnetic field lines. In contrast, ionization electrons scattered isotropically (mostly to the Inner Cylinders) without a magnetic field will be funneled to the Exit Plate and Front Plate in an axial magnetic field. This will lead to a decrease in Exit Plate and Front Plate current when a magnetic field is applied, as is observed in Fig. 5 .
As discussed above, the Inner Cylinders are expected to collect ions scattered from the centerline at large angle (particularly CEX ions), ionization electrons generated along the beam axis and scattered isotropically, and electrons emitted from the Exit Plate when no magnetic field is applied. From  Fig. 6 , the current on the Inner Cylinder segments is approximately equal at Test Cell pressures below 0.4 mTorr, where beam ions experience on average less than one collision within the Test Cell and where ionization collisions and electron emission are negligible. At high pressures, a large percentage of the ion current was found to be collected on Inner Cylinder 1 since multiple collisions are likely to occur at the upstream end of the Test Cell. Inner Cylinder 3 was measured to have the smallest current and to collect significant electron current at high Test Cell pressures when no magnetic field is applied. Since neutral-neutral ionization is predominantly a two-step process, and since fast neutrals must first be created in a CEX collision, a particle must undergo at least three collisions before an ionization collision event occurs. Therefore, ionization collisions are expected to occur at high Test Cell pressures and at the downstream end of the Test Cell near Inner Cylinder 3. Additionally, at high pressures, a significant fraction of the beam ions experience collisions which produce fast MEX ions and neutrals that are scattered at small angles towards the Exit Plate. From view factor relations, 88% of electrons emitted from the Exit Plate with a cosine angular distribution are expected to collect on Inner Cylinder 3. Figure 6 shows a large increase (to positive values) in current on Inner Cylinder 3 when an axial magnetic field is applied since the magnetic field prevents electrons generated near the centerline (from ionization in the bulk or electron emission from the Exit Plate) to be collected on the Inner Cylinders. A small increase was observed on Inner Cylinder 2, which was estimated from view factor relations to collect 8% of the electrons emitted from the Exit Plate. The current on Inner Cylinder 1 is independent of the magnetic field since slow CEX ions are unmagnetized and since ionization electrons or emitted electrons are unlikely to collect on Inner Cylinder 1.
IV. MODELING EFFORT
Treatments of the differential cross-sections previously discussed in Sec. II were utilized in semi-analytical and computational models that were developed complementary to the experimental effort presented herein. To quickly analyze the data collected and provide insight into the dominant mechanisms in the experiment, we originally developed a SemiAnalytical Heavy Species Collision (SAHSC) model with runtimes of only a fraction of a second for a single pressure condition. This model and important improvements recently implemented are presented in Sec. IV A. Fully computational models of ion-neutral collisions in the Test Cell were developed by Araki . The general approaches used by these models are described in Secs. IV A-IV C and compared against the experimental data to examine the relative importance of collisional mechanisms at different operating conditions.
A. Semi-analytical heavy species collision model
To examine collisional mechanisms over a wide range of operating conditions, we developed the SAHSC model. The model is based on our original work described in Ref. 61 but with many important improvements as discussed in this section. Assuming a one-dimensional beam centered along the Test Cell axis, the model treats the scattered MEX and CEX ions as discrete point sources located on the axis, where the magnitude of the source is attenuated due to scattering collisions. An angular distribution for the sources is calculated from the differential cross-sections given by Eq. (3) and shown in Fig. 1(b) , to determine the MEX and CEX ion currents to each Test Cell electrode (per the angles defined in Fig. 7 ). Ions are assumed to follow a straight-line trajectory from the point of collision on the centerline to the Test Cell walls. The assumption is valid for Kn > 1, where the Knudsen number Kn is defined as Kn ¼ k/L, k is the ion mean free path, and L is the Test Cell length. For the Test Cell design in Fig. 3 , Kn ¼1 corresponds to a pressure of approximately 0.4 mTorr. To extend the validity of the model to higher Test Cell pressures, multiple collisions were considered for fast particles as described below.
For a given Test Cell pressure, the ion beam current at each discrete location along the Test Cell axis is calculated from attenuation theory
Àn n r tot Dx ; k ¼ 1; 2; …; m;
where I beam;k is the beam current at position x k , I beam;kÀ1 is the beam current at position x kÀ1 , Dx ¼ x k À x kÀ1 , r tot ¼ r MEX þ r CEX , and r MEX and r CEX are the MEX and CEX cross-sections calculated by integrating over the empiricallyderived differential cross-sections in Eq. (3). The current scattered between x k and x kÀ1 is then
Assuming r MEX % r CEX , half of the scattered current is from MEX collisions and half from CEX collisions. As was discussed in Sec. II, a large portion of the MEX ions are From the conservation of energy and momentum of collision partners with equal mass, the post-collision MEX and CEX ion and neutral speeds assuming stationary target neutral atoms are
where v ion is the pre-collision ion speed and h is the scattering angle of the MEX or CEX ion. The average post collision speeds for MEX and CEX ions are approximately 46 500 m/s and 1,510 m/s, respectively, for collisions between 1500 eV Xe þ and stationary Xe. In comparison, the mean thermal speed of the target neutrals is given by
where k b is the Boltzmann constant, T n is the temperature of the target xenon neutrals, and m Xe is the mass of a xenon atom; the mean thermal speed is approximately 200 m/s at 300 K. Thus, for ions resulting from MEX collisions, the random thermal speed of the neutral particles can be ignored and stationary target neutrals are assumed for MEX collisions. On the other hand, the post-collision speed for most CEX ions is comparable to the mean thermal speed of neutrals. Therefore, the post-collision velocity of ions resulting from CEX collisions is determined from the vector sum of the post-collision velocity distribution and an isotropic thermal velocity distribution such that v 0 tot ¼ṽ 0 ion þṽ 0 therm :
The modified distribution for CEX ions is shown by the dashed-dot curve in Fig. 2(b) .
To calculate the MEX current to the Exit Plate, at each Test Cell location, the scattered MEX current is multiplied by the probability of MEX scattering between h 1 and h 2 separating the Exit Plate from the Exit Orifice and Inner Cylinders, respectively, and then summed over all axial locations k. CEX current to the Exit Plate is analogous, i.e.,
Here, P h is given by Eq. (4) using the empirically-derived differential cross-sections in Eq. (3). Scattering to the segments making up the Inner Cylinders and to the Front Plate is calculated similarly using the probability of scattering between h 2 and h 3 and above h 3 , respectively. At higher Test Cell pressures where Kn < 1, the scattered ions and neutrals are likely to experience multiple collisions. Since CEX ions are largely scattered isotropically, their scattering distribution is expected to be unchanged if they experience further MEX or CEX collisions. In contrast, MEX ions and fast neutrals may be scattered from their initial direction by further collisions. Thus, the model considers multiple collisions for these fast particles by adding them back into the beam if they experience MEX collisions. As mentioned previously, incident ions retain a large fraction of their energy in an MEX collision. The average energy for a 1500 eV ion that has experienced six consecutive MEX collisions is 1345 eV, or approximately 90% of its initial energy. Additionally, the integral collision cross-section was measured by Miller et al. 10 to have little dependence of incident energy. Therefore, the integral and differential crosssections given by Eq. (3) are assumed unchanged for the entire range of pressures examined (i.e., up to 2.6 mTorr or Kn $1/6).
More complex collisions become non-negligible and must be considered in the multiple-collision regime. This includes ionization collisions between fast neutrals generated in CEX collisions and slow background neutrals (i.e.,
. 62, 63 Since fast neutrals have small scattering angles from the Test Cell axis, the model treats the fast neutrals as a beam similar to the ion beam, i.e.,
Here, J beam;k is the neutral beam flux at position x k , J beam;kÀ1 is the neutral beam flux at position x kÀ1 , n n is the slow neutral density, r ionz is the integral cross-section for neutralneutral ionization, and DI CEX beam;kÀ1 accounts for fast neutrals generated at position x kÀ1 (which is equal to beam ions that have undergone CEX collisions at position x kÀ1 ).
An expression for the ionization cross-section was given by Drawin and Emard 62 and is calculated to be 21.4 Å 2 at 1500 eV for xenon-xenon collisions. However, a value of 5.0 Å 2 was used instead since Ref. 68 determined that this expression can overpredict the cross-section by up to an order of magnitude for rare gases. The fast neutrals are assumed to be ionized in the collision and scattered at small angle in the forward direction. Generated tra electrons are assumed to scatter isotropically. Note that since the energy of MEX ions decreases slightly from 1500 eV with each collision, the energy of a fast neutral generated in a collision between an MEX ion and background neutral may be smaller than the energy of a fast neutral generated in a collision between a beam ion and a background neutral. However, as discussed previously, MEX ions retain more than 90% of their initial energy, even after experiencing six collisions. Additionally, from Drawin and Emard, 62 the integral crosssection for neutral-neutral ionization only decreases by 10% between 1500 and 1350 eV. Therefore, it is valid to assume a constant collision cross-section. 
B. Computational collision models
The computational model by Araki and Wirz 49, 52, 53, 55, 64 is a Monte Carlo collision (MCC), particle-in-cell model. It utilizes classical scattering with spin-orbit-free potential 47 for collisions between high energy ions and neutrals, the variable hard sphere model 69 for collisions between low energy ions and neutrals, and the semi-empirical HFD-B2 potential 70 for collisions between high and low energy neutrals. The probability for a collision and the angular distribution of scattered beam and MEX ions are calculated from the interaction potentials in Fig. 1(a) , while the variable hard sphere model assumes isotropic scattering. PIEE from the Exit Plate due to fast ions and neutrals is considered and assumed to produce 4 eV electrons emitted with a cosine angular distribution. The yield due to incident ions is varied from 0 to 0.4; the yield due to incident neutrals is assumed to be 0.8 times the value for incident ions. Primary ions, MEX ions, CEX ions, fast neutral atoms, and electrons are tracked individually, and the electric potential is solved iteratively until convergence. Further details on the model are found in Refs. 53 and 64.
The model by Giuliano and Boyd 48,54,65-67 employs direct-simulation Monte Carlo (DSMC) and particle-in-cell techniques. Similar to the SAHSC model, the DSMC model utilizes the semi-empirical differential cross-sections for scattering between xenon ions and neutrals at 1500 eV [i.e., Eq. (3)]. The variable hard sphere model 71 and an isotropic angular distribution are utilized for neutral-neutral collisions. Electron emission from the walls due to impact from fast ions and neutrals is considered; a yield of 0.016 is used for the Inner Cylinder and of 3 Â 10 À6 is used for the Exit Plate. Both ions and neutrals are tracked in a non-quasineutral manner. Additionally, the DSMC model allows for applied potentials at the Test Cell walls; however, the reader is referred to Refs. 48, 54, and 65-67 for these results and results considering electron emission.
C. Model results

Figure 8 compares our Test
Cell data without an applied magnetic field to results from the models described in Secs. IV A and IV B. The simulations consider multiple cases to compare the relative importance of different collisional mechanisms. For example, for the SAHSC model developed herein, we first considered only current of MEX ions incident on the walls (i.e., "MEX") and then compared that to current of both MEX and CEX ions on the walls (i.e., "MEX þ CEX"). Also included are simulation results from the SAHSC and MCC models when considering electrons from neutral-neutral ionization (i.e., "MEX þ CEX þ ions") and particle-induced electron emission (i.e., "MEX þ CEX þ PIEE"), respectively. For all cases, "unscattered" beam ions that pass through the Exit Orifice are appropriately accounted.
From Fig. 8 , the SAHSC, MCC, and DSMC models correctly reproduce the exponential decrease in current measured through the Exit Orifice with increasing Test Cell pressure. Results considering beam, MEX, and CEX ions and electrons all lie on a single curve, thus demonstrating that current reaching the Exit Orifice is due to beam ions that have experienced no collisions and MEX ions that are deflected at very small angle. This substantiates the use of Eq. (5) with r tot ffi r CEX .
Model results of current to the Exit Plate in Fig. 8 follow the initial increase with Test Cell pressure seen experimentally, the majority of which is predicted to be from MEX ions scattered at small angle. However, all models fail to predict the continual increase in current seen experimentally at high Test Cell pressures when considering only ions. The continual increase is observed in the MCC model only when PIEE from the Exit Plate is included with ion-induced yield ¼ 0.4 (which is much larger than the yield reported in the literature). Similarly, the SAHSC model is able to reproduce the continual increase when considering neutral-neutral ionization, since this leads to forwardly scattered ions. Therefore, both PIEE and neutral-neutral ionization collisions can separately explain the trend in Exit Plate current seen in the experiment, yet each underpredicts the magnitude of the measured current. Since the MCC model used relatively large yields to explain the behavior, there is likely a combination of effects from both PIEE and neutral-neutral ionization.
The SAHSC, MCC, and DSMC models give the same results for ion current to the Exit Plate. Thus, the different implementation of ion-neutral collisions used in the models is synonymous. The empirically-derived differential crosssections shown in Fig. 1(b) correctly capture the physics of the theoretically-derived interaction potentials shown in Fig. 1(a) and may be used in plasma models instead of the more computationally expensive interaction potentials. Additionally, the fact that the ion-only results from the SAHSC model match those of the DSMC and MCC models gives confidence in the validity of the semi-analytical model for the entire pressure range investigated, including for Kn < 1. Figure 8 shows that the models match the increased current observed on the Inner Cylinders and Front Plate at low Test Cell pressure and the decreased current on the Inner Cylinders above 1 mTorr. The SAHSC model predicts that most of the current is from CEX ions that are scattered at large angles. At high Test Cell pressures, the ion-only model results overpredict the current on the Inner Cylinders. The MCC and SAHSC models better match experimental data when PIEE (from the Exit Plate to the Inner Cylinders) and neutral-neutral ionization collisions (leading to isotropically scattered electrons) are included. As expected from view factor relations, the MCC model predicts that no electrons emitted from the Exit Plate reach the Front Plate. Additionally, since neutral-neutral ionization is likely to occur at the downstream end of the Test Cell (since requires multiple collisions), its effect on the Front Plate is negligible. Figure 9 compares results from the SAHSC model with experimental data taken without and with an applied magnetic field. For the case of the applied magnetic field, the SAHSC model assumes that no electrons generated in neutral-neutral ionization collisions in the near-centerline region reach the Inner Cylinders. Instead, electrons are assumed to be predominately funneled to the Exit Plate (i.e., 90% to the Exit Plate and 10% to the Front Plate). Therefore, current through the Exit Orifice is independent of the magnetic field as shown Fig. 9 . Current on the Inner Cylinders increases with the magnetic field and agrees well with experimental data in the entire pressure range. Current on the Front Plate decreases with the magnetic field as in the experiment. Similarly, current on the Exit Plate decreases with the magnetic field. The model captures the trends seen experimentally (i.e., a continual increase in Exit Plate current without a magnetic field and a decrease at Test Cell pressures above 0.5 mTorr with a magnetic field) yet underpredicts the measured current. The overall general agreement between the model results and experimental data with an applied magnetic field further validates the physics included in the model: ion-neutral collisions are correctly captured by Eq. (3) using coefficients from Table I , and the contribution from neutralneutral ionization collisions is non-negligible. directed through a well-defined "Test Cell" of xenon neutral atoms maintained over a wide range of densities. Further insights were provided by examining both unmagnetized and magnetized conditions. Precision measurements of species currents within and outside the Test Cell were compared to a semi-analytical heavy species collision model that was developed as part of this effort, as well as to computational models of ion-neutral interactions. Through these efforts, we find two important results: (1) angle-resolved differential cross-sections for xenon ion-neutral chargeexchange and momentum-exchange collisions must be carefully treated for accurate simulations of ion-neutral interactions and (2) commonly overlooked interactions, such as neutral-neutral ionization collisions and ion-induced electron emission from nearby surfaces, are increasingly important for Kn < 1. These results are important for accurate modeling and simulation of ion-neutral interactions in plasma devices and neutral beam sources. For example, newly derived differential cross-sections at 1.5 keV are required to correctly determine the angular scattering of xenon ions that experience charge-exchange and momentum-exchange collisions with xenon neutrals in the plume of electric propulsion devices. Additionally, measurements from this simple, well-defined experiment serve as canonical data for the development and validation for theoretical and computational efforts that aim to capture or investigate heavy species interactions in plasmas in unmagnetized and magnetized domains.
SUPPLEMENTARY MATERIAL
See supplementary material for the complete set of currents measured on all Test Cell electrodes, including when electric potentials are applied.
APPENDIX: EXPERIMENTAL RESULTS FOR BIASED TEST CELL ELECTRODES
Currents collected on the Test Cell electrodes are plotted in Fig. 10 
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M. I. Patino and R. E. Wirz Phys. Plasmas 25, 062108 (2018) shown since it is independent of electric potential (i.e., current is the same as in Fig. 5 ). All currents are normalized by the total current entering the Test Cell when all electrodes are grounded (i.e., for given electrode j, I j V ð Þ ¼ I j V ð Þ= ½I FP 0V ð Þ þ I IC 0V ð Þ þ I EP 0V ð Þ þ I EO 0V ð Þ). Exit plate current decreases with positive Exit Plate voltage in Fig. 10(a) as the Exit Plate collects more ionization and/or emitted electrons that would otherwise go to the Inner Cylinders and repels any slow CEX and ionization ions. The opposite is true for negative Exit Plate voltage and for current on the Inner Cylinders. Current on the Front Plate is independent of Exit Plate voltage when no magnetic field is applied since there is a small view factor between the Exit Plate and the Front Plate. However, there is a small decrease in Front Plate current (and increase in Inner Cylinder current) when a magnetic field is applied since magnetized electrons may travel more freely to the Front Plate, except at positive Exit Plate voltage when electrons are attracted to the Exit Plate.
The above discussion also applies to the Front Plate when it is biased, as is shown in Fig. 10(c) . However, the dependence on Front Plate voltage is larger than on Exit Plate voltage at high Test Cell pressures since more CEX collisions occur at the upstream end of the Test Cell near the Front Plate.
Current on the Inner Cylinders decreases with positive Inner Cylinder voltage in Fig. 10(b) as the Inner Cylinders collect more ionization/or and emitted electrons and repel all slow CEX and ionization ions. The opposite is true for negative Inner Cylinder voltage and for currents on the Exit Plate and the Front Plate. The dependence on Inner Cylinder voltage is larger than the dependence on the Exit Plate seen in Fig. 10(a) or the Front Plate voltage seen in Fig. 10(c) since the Inner Cylinders typically collect low energy particles (i.e., CEX ions and ionization/emitted electrons) and since biasing of the Inner Cylinders creates electric fields at both ends of the Test Cell, thus affecting the transport of low energy particles at both ends. All currents are independent of the magnetic field at negative Inner Cylinder voltage since electrons are repelled from the Inner Cylinders in either case.
